Abstract B-I and B' are tissue-specifically regulated epialleles involved in paramutation in maize. B-I is high, and B' low expressed. A hepta-repeat ~100kb upstream of the transcription start site is required for high expression. Using Chromosome Conformation Capture we show that the hepta-repeat physically interacts with the TSS region in a tissue-, and expression level-specific manner. Multiple repeats are required for a stable interaction with the TSS region. Furthermore, in high expressing B-I, sequences ~107kb, ~47kb and ~15kb upstream also interact with the hepta-repeat and the TSS region, forming a multi-loop structure. FormaldehydeAssisted Isolation of Regulatory Elements uncovered at least two of these sequences as potential regulatory elements. We propose the multi-loop chromatin configuration determines high expression levels.
Introduction
Epigenetic regulation plays a crucial role in the control of eukaryotic gene expression (reviewed in Ahmed and Brickner, 2007; Henderson and Jacobsen, 2007) . Epigenetic mechanisms include DNA methylation, posttranslational modifications of histones and the incorporation of histone variants, and mediate heritable differences in gene expression levels without changing the DNA sequence. Paramutation is an epigenetic phenomenon and was first discovered in plants, but more recently also in fungi and mammals (reviewed in Chandler and Stam, 2004; Louwers et al., 2005; Stam and Mittelsten Scheid, 2005) . Paramutation involves a trans-interaction between alleles, resulting in a heritable change in expression of one of the alleles. The best characterized paramutation systems occur in plants. In maize, paramutation has been described for four genes: b1, r1, pl1 and p1 (Brink, 1956; Coe, 1959; Hollick et al., 1995; Sidorenko and Peterson, 2001) . Each gene encodes a transcription factor regulating the biosynthesis of flavonoid pigments.
Our research focuses on the b1 (booster 1) gene. There are many different b1 alleles known (Selinger and Chandler, 1999) . The majority is not involved in paramutation; these are termed neutral alleles (e.g. the B-615 allele). Two b1 alleles, B-I and B', do participate in paramutation. Plants carrying B-I are darkly pigmented and plants carrying B' have low pigment levels (Coe, 1966; Patterson et al., 1993) . The B-I allele is transcribed at a 10-20 fold higher rate than the B' allele (Patterson et al., 1993) . Despite that, no differences in DNA sequence have been detected between the B-I and B' allele. Not only is the coding sequence exactly the same, but also the sequences up to at least ~110kb upstream of the transcription start site (TSS) appear identical (Stam et al., 2002a) , indicating that B-I and B' are epialleles. The B' epiallele is an inducing (paramutagenic) epiallele and B-I is its sensitive (paramutable) counterpart. When B-I plants are crossed to B' plants, the low expressed B' epiallele changes the high expressed B-I epiallele into a B' epiallele as a result of paramutation. This change is heritable through mitosis and meiosis and occurs at a 100% frequency. The new B' allele behaves like any other B' allele: it converts B-I alleles into B'. The B' epigenetic state is extremely stable; no reversions to the B-I state have been observed (>100,000 plants looked at; Coe, 1966; Patterson et al., 1995) . In contrast, the B-I state is very unstable: 1-10% of B-I progeny plants spontaneously change to B' plants (Coe, 1966; Patterson et al., 1995) . Multiple 853bp repeats ~100kb upstream of the TSS are required for high b1 expression and paramutation (Stam et al., 2002b) . B-I and B' contain seven copies of this 853bp sequence, in short the hepta-repeat. The neutral alleles analyzed contain only one copy of this sequence (Stam et al., 2002b) .
The difference in expression level between B-I and B' is associated with differences in chromatin structure. At the b1 coding region, the B-I and B' chromatin structure shows differences as well as similarities. Around the coding region, the B' allele carries the silencing histone H3 lysine 27 dimethylation (H3K27me2) mark and is less DNase I-sensitive than the B-I chromatin structure (Chandler et al., 2000; Haring et al., submitted) . The B' and B-I DNA methylation pattern is however similar (Patterson et al., 1993) , and both B-I and B' carry histone H3 acetylation (H3ac) and lysine 4 dimethylation (H3K4me2) at the coding region (Haring et al., submitted) . In contrast, the B' and the B-I regulatory hepta-repeats differ in many aspects: DNA methylation, histone modifications and nucleosome positioning. Some of these are tissue-independent. The B' hepta-repeat carries DNA methylation and H3K27me2 in a tissue-independent manner in B'. We postulated that these marks determine the maintenance of the epigenetic B' state (Haring et al., submitted) . In addition, there is tissue-specific regulation of the hepta-repeat chromatin structure. In high expressing B-I husk tissue, but not in low B-I expressing seedling tissue, the hepta-repeat carries H3ac and is relatively nucleosome-depleted, in line with the hepta-repeat acting as a tissue-specific enhancer. In low expressing B' husk, but not in seedling, the hepta-repeat carries H3K9me2, which is proposed to tissuespecifically reinforce the silent B' state (Haring et al., submitted) . The epigenetic state of both epialleles is regulated in a tissue-independent and -dependent manner.
The regulatory hepta-repeat is located ~100kb upstream of the TSS (Stam et al., 2002b) , suggesting long-range communication between the hepta-repeat and the b1 coding region. Various models have been proposed to explain long-distance transcriptional activation (reviewed in Palstra et al., 2008) ; one of these involves physical contact mediated by chromatin looping. To test if physical interactions occur between distant chromosomal regions at the b1 locus, we applied for the first time in plants the Chromosome Conformation Capture (3C) technology (Dekker et al., 2002; Tolhuis et al., 2002) . In this paper we provide evidence for physical chromatin interactions at the maize b1 locus. Tissue-specific as well as expression level-dependent interactions are observed throughout the locus. We show that the TSS region physically interacts with the hepta-repeat region in a tissue-specific manner, and that the interaction frequency depends to some extent on the b1 expression level. We demonstrate that the TSS and hepta-repeat regions interact with regions ~15kb, ~47kb and ~107kb upstream in an expression level-dependent manner. Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE; Giresi et al., 2007; Hogan et al., 2006) suggests that sequences ~47 and ~107kb contain regulatory activity in high b1 expressing tissue. The long-range interactions discussed in this paper are the first physical chromatin interactions reported for plants. The data in this paper provide mechanistic insight into the regulation of b1 expression levels.
Results

3C at the b1 locus: Experimental approach
To test if physical, long-distance interactions are involved in gene regulation at the b1 locus, we applied the 3C-qPCR technology (Dekker et al., 2002; Hagege et al., 2007; Tolhuis et al., 2002) . 3C uses formaldehyde to crosslink DNA and proteins, conserving the 3D chromosomal conformation. The crosslinked chromatin is then subjected to restriction digestion followed by intramolecular ligation. After reversing the crosslinks, the DNA is purified and analyzed by quantitative PCR (qPCR). The quantity of specific ligation fragments detected by qPCR is a measure for the interaction frequencies between chromatin regions in vivo. In all 3C experiments discussed in this chapter, BglII was used as a restriction enzyme. The analyzed BglII restriction fragments are indicated with a Roman numeral in the schematic representation of the b1 locus in Figure 1a . The extensive presence of transposon and other repeated sequences at the b1 locus (grey boxes in Fig. 1a ) prevented analysis of additional BglII fragments. Detection of the 3C ligation products was done by qPCR using TaqMan probes (Hagege et al., 2007; Splinter et al., 2006) . BglII fragments analyzed by 3C are indicated with Roman numerals. Grey bars represent transposon and other repetitive sequences (Stam et al., 2002b) . Dr1 & Dr2 = direct repeats 1 & 2; IR = inverted repeat. The Sam locus was used to normalize the 3C and FAIRE data obtained for b1. The hooked arrow indicates the presumed transcription start site (in databases there is no consensus over the exact location). Keys: black box = probe used for RNA blot analysis (Fig. 1b) ; B = BglII sites; triangles = 3C primers. (b) RNA blot analyses of RNA isolated from husk and inner tissue from B-I, B' and B-615 plants. The blots were hybridized with probes recognizing the coding region of b1 and Sam. The probe used for the b1 expression recognized exons 7, 8 and 9 and the arrow left of the blot indicates the full-length transcript. The green color of the B-615 plant tissue is caused by the presence of a very weak or null Pl1 allele and does not reflect the b1 expression level (Stam et al., 2002b) . The bar graph right of the blots shows the b1 transcript levels normalized to the Sam transcript levels. The band-intensities of the fulllength b1 and Sam transcripts were quantified, the background signals subtracted and the b1/Sam ratio calculated.
To be able to distinguish expression level-specific interactions from tissuespecific interactions, 3C was performed on two types of tissues of B-I and of B' plants: inner stem and husk tissue. In inner stem tissue, which consists of young sheaths and leaves surrounding the shoot meristem, full-length transcripts are not detected in B-I and B' (Fig. 1b) . In husk tissue, which consists of the leaves surrounding the corncob, expression of b1 is transcriptionally activated, resulting in a high expression level in B-I and a low expression level in B' husk tissue (Fig. 1b) .
Comparison of the 3C data obtained with these four tissues enabled us to separate tissue-specific interactions (occurring primarily in inner or husk tissue) from interactions that are associated with the b1 expression level.
The necessary controls were included in the experiments. To establish the PCR amplification efficiency of a given primer set, the pBACB'1 clone containing a ~107kb chromosomal region including the hepta-repeat and part of the b1 coding region (exons 1 and 2, plus two introns; Stam et al., 2002b) was digested and ligated, yielding a 3C control template that contains all possible ligation products in equimolar amounts. To account for differences in quality and quantity of the various DNA templates, we measured interaction frequencies at an unrelated, constitutively expressed locus, S-adenosyl-methionine decarboxylase (Sam; Fig. 1a) , and used these to normalize the 3C data obtained for b1. The Sam gene is expressed at a similar level in all tissues examined (Fig. 1b) and is therefore assumed to adopt a similar conformation in these tissues.
Tissue-and expression level-specific physical interactions throughout the b1 locus To obtain insight into the spatial organization of the b1 locus and to identify physical interactions associated with the transcriptional differences between B-I and B', 3C technology was applied using various fragments as a fixed fragment. In order to measure interaction frequencies with the transcription start site (TSS) region, BglII fragment I, containing proximal b1 promoter sequences (Fig. 1a) , was used as a fixed fragment.
Previous work indicated that the hepta-repeat is required for the high B-I expression level (Stam et al., 2002b ). Here we show that in high expressing B-I husk tissue, high crosslinking frequencies were observed between fragment I and fragment X, which contains the hepta-repeat (Fig. 2a) . Interestingly, elevated crosslinking frequencies between fragments I and X were also observed in low expressing B' husk tissue, although the height of the peak was significantly lower 3C-qPCR analyses demonstrate tissue-specific and expression level-dependent chromatin looping at the b1 locus. The b1 locus is shown at the top of each graph (see also Fig. 1a) . The X-axis shows the position in kb relative to the transcription start site (hooked arrow). The hepta-repeat is indicated with arrow heads. The position and size of the BglII fragments analyzed is indicated by vertical gray shading and Roman numerals; black shading represents the fixed fragment. The Y-axis depicts relative crosslinking frequencies. Data were normalized against crosslinking frequencies measured for the Sam locus. The highest, mean value of the normalized data for all experiments done with a specific fixed primer -TaqMan probe combination was set to 1. The data for B-I inner and husk tissue are indicated in dark red and blue, respectively (panels a, c, e). Light blue represents B' husk tissue, bright red B' inner tissue (b, d, f) . Error bars indicate the standard error of mean of 4-8 different samples. Relative crosslinking frequencies are shown between (a,b) fixed fragment I (TSS region) and the rest of the b1 locus; (c,d) fixed fragment X (containing the hepta-repeat) and the rest of the b1 locus; (e,f) fixed fragment VII (~47kb upstream of the TSS) and the rest of the b1 locus.
consequently also lower than in B-I (note that the scale on the Y axis in Fig. 3 is the same as in Figs. 2a & b) . The reciprocal experiment using fragment X as fixed fragment could not be carried out, because sequence differences prevented the TaqMan probe for fragment X from binding. Overall, these data suggest that the interaction between the TSS region and fragment X is sequence-specific. In addition, the frequency of the interaction depends on the repetitiveness of the 853bp sequence: multiple repeats are required for a more frequent interaction.
FAIRE uncovers nucleosome-depleted regions specific for high b1 expression
The 3C data showed that regions ~107kb, ~47kb and ~15kb upstream of the TSS participate in the formation of a chromatin hub with the TSS and the hepta-repeat, suggesting that these sites play a role in the regulation of b1 expression. To test whether they contain potential regulatory sequences, we performed FAIRE (Formaldehyde-Assisted Isolation of Regulatory Elements; Giresi et al., 2007; Hogan et al., 2006) . FAIRE enriches for nucleosome-depleted regions, which is a characteristic of active regulatory elements. The identification of nucleosomedepleted regions by FAIRE is based on the fact that these sequence elements tend to end up in the aqueous phase after phenol-extraction of formaldehyde-crosslinked, sonicated chromatin. than in B-I husk (Fig. 2b) . In contrast, in the B-I and B' inner stem tissues, low interaction frequencies were measured between fragments I and X ( Fig. 2a & b) . These results demonstrate that the physical interaction between the TSS region and the hepta-repeat is tissue-specific: this interaction occurs significantly more frequent in husk than in inner tissue. In addition, this interaction is in part expression-level specific: the interaction frequency is higher in the high expressed B-I than in the low expressed B' husk tissue, suggesting this interaction plays a role in enhancing b1 expression. The 3C data with fragment I as fixed fragment indicated additional interactions within the b1 locus and interestingly, these correlate with high b1 expression. In high expressing B-I husk tissue, we detected high interaction frequencies between fragments I and VII (~47kb upstream of TSS), and between I and XII (~107kb upstream of TSS). These interactions were not observed in nonexpressing B-I and B' inner tissue, or in low expressing B' husk tissue. Together, these data suggest that in low expressing B' husk tissue a single loop is formed between the TSS region and the hepta-repeat. We postulate that this conformation is not sufficient for mediating high b1 expression. In B-I husk tissue on the other hand, this interaction is stabilized and in addition sequences ~47kb and ~107kb upstream participate in loop formation with the TSS. We propose that this multi-loop structure facilitates high b1 expression.
To further investigate the conformation of the b1 locus, experiments were carried out using other fixed fragments. When fragment X was used as a fixed fragment, elevated interaction frequencies were measured with fragment I in B-I and B' husk tissue, but not in B-I and B' inner tissue ( Fig. 2c & d) . Moreover, a higher X-I interaction frequency was observed in B-I than in B' husk tissue. In addition, in high expressing B-I husk tissue, fragment X showed high crosslinking frequencies with fragment VII (Fig. 2c) , confirming that sequences within this fragment participate in the interaction between the TSS region and the hepta-repeat. This interaction was virtually absent from B' husk tissue and was not observed for inner tissues ( Fig. 2c & d) . The results obtained using fixed fragment X confirm the formation of tissue-specific, as well as expression level-specific interactions at the b1 locus.
To examine the role of fragment VII (~47kb upstream of TSS) in the expression level-specific interactions, it was used as a fixed fragment in the qPCR analysis. High interaction frequencies were detected exclusively in B-I husk tissue between fragment VII and fragments X, XII, IV and I (Fig. 2e & f) . Fragment IV, ~15kb upstream of the TSS region was previously not noticed to take part in the physical interactions at the b1 locus, but can be perceived in Fig. 2a . Together, these findings show that fragments XII, VII and IV interact with the TSS and hepta-repeat region in an expression level-dependent manner. These interactions result in a multiloop conformation, which, we hypothesize, mediates high levels of b1 expression.
Multiple repeats are required for frequent, tissue-specific interaction between hepta-repeat and TSS Multiple repeats are required for high b1 expression and paramutation (Stam et al., 2002b) . Fragment X, containing seven repeats, interacts tissue-and expression levelspecifically with the TSS region (Fig. 2) . What drives this interaction: is it sequencespecific, does the repetitiveness play a role, or both? To address this question, we set out to perform 3C analysis on a neutral b1 allele containing one copy of the 853bp sequence. To allow comparison of the data with the data obtained for B-I and B', the same primer and probe sets had to be used. Therefore, the sequence of the chosen neutral allele had to be homologous to that of B-I and B'. The B-615 allele was a good candidate fulfilling this condition; PCR amplification, cloning and sequencing of multiple, pooled clones showed that there is only a single 853bp sequence present. BLAST analysis revealed a 96% homology with that of the consensus B-I, B' repeat sequence (see Fig. S1 ). Moreover, the sequence just 5' of the coding region is identical to B-I and B' and up to ~49kb upstream it is very similar if not identical (Stam et al., 2002b) . This overall high sequence homology between B-615 and B', B-I suggested that the entire set of 3C primers would bind. For verification, the sequence surrounding each BglII site tested in the 3C analysis was amplified by PCR. This resulted in fragments of the same size and with the same yield as when B-I or B' was used as template DNA. In addition, when these PCR products were digested with BglII, the resulting fragments were of the expected size (data not shown).
3C analysis was carried out on husk and inner stem tissue from B-615 plants. Expression of b1 is not detectable in B-615 inner tissue and is very low in husk tissue, comparable to that of B' (Fig. 1b; Stam et al., 2002b) . The fragment containing the TSS region was used as fixed fragment (I). In B-615 inner tissue, a very low interaction frequency was detected between fragments I and X (containing the single 853bp sequence; Fig. 3 ). Compared tot B-615 inner tissue, in B-615 husk tissue somewhat elevated crosslinking frequencies were detected between fragments I and X. However, the interaction frequency between fragments I and X is lower in B-615 inner and husk tissue than in B' inner and husk tissue, respectively, and Values that differ significantly between B-I and B' in a two-tailed student's t-test are indicated with one, two or three asterisks, specifying a 90%, 95% and 99% confidence interval, respectively.
We focused our FAIRE analysis on regions that revealed strong interaction frequencies in husk tissue, as measured by 3C. The DNA samples obtained by FAIRE were evaluated by qPCR and enrichment at b1 was calculated by normalization against input samples and the unrelated Sam locus (see Fig. 4a for primer sets used; the primer sequences are listed in Table S3 ). PCR primer sets at the hepta-repeat were used as a positive control for FAIRE enrichment in B-I versus B'. In husk tissue the B-I hepta-repeat is more nuclease-sensitive and nucleosomedepleted than the B' hepta-repeat (R. Bader and M. Stam, unpublished results; Haring et al., submitted) . In agreement, the B-I hepta-repeat showed more FAIRE enrichment than the B' hepta-repeat ( Fig. 4b; amplicons b and c) . 3C fragments IX and V showed no interaction peaks in B', nor in B-I. Amplicons d and i within these fragments neither showed a significant difference in FAIRE enrichments between B-I and B' (Fig. 4b) . Most likely, these regions do not contain regulatory sequences that influence b1 expression levels. To assess which FAIRE signals can be considered low, a primer set (p) for the coding region was used. In general, coding regions are nucleosome-rich (Yuan et al., 2005) and not enriched by FAIRE (Hogan et al., 2006) . Chromatin Immunoprecipitation (ChIP) analysis using an antibody against H3core resulted in a consistent, high ChIP signal for exon 3 in both B' and B-I husk (Haring et al., submitted) . Our FAIRE analysis is in line with these results: in both B-I and B', primer set p, amplifying part of exon 3, resulted in a very low FAIRE signal (Fig. 4b) . Based on these observations we conclude that we have established FAIRE analysis for maize tissue.
FAIRE enrichment in B-I over B' husk tissue was observed for amplicons in the 3C fragments XII ( Fig. 4b ; amplicon a, indicated with asterisks), VII (e and f) and VI (h and i). This supports the idea that these fragments contain regulatory DNA elements important for high expression of the b1 gene. Besides the above mentioned amplicons, amplicon m 5' of the TSS (in 3C fragment I) is significant enriched in B-I over B' (Fig. 4b) , indicating that the TSS region contains more regulatory activity in the high expressed B-I husk than in the low expressed B' husk. This is in line with published genome-wide FAIRE experiments in which active promoters and TSS were picked up (Giresi et al., 2007; Hogan et al., 2006) . Fragment IV (amplicons j-l; ~15kb upstream of the TSS), also involved in the physical interactions associated with high b1 expression, did not show significant differences in FAIRE signals between B-I and B' husk tissue (Fig. 4b ). Yet, amplicon l belongs to the fragments most enriched in FAIRE, with enrichments comparable to for example that observed for amplicon h (fragment VI) in B-I. Thus, region IV likely contains regulatory elements, but it is currently unclear why it only forms chromatin loops in B-I. Finally, we note that no significant differences in FAIRE enrichment between B-I and B' were found at the transcription start or the 5' UTR (amplicons n and o, respectively). This may be explained by the fact that the b1 gene contains multiple, closely spaced transcription starts (Radicella et al., 1992) .
In conclusion, FAIRE analysis indicated that BglII fragments XII, VII and VI contain nucleosome-depleted regions specifically in B-I husk tissue. This confirmed our hypothesis that the additional regions ~107kb and ~47kb upstream, picked up by 3C, contain B-I-specific regulatory sequences. Our data suggest that these sites are important for the regulation of b1 expression. The same may be true for fragment IV.
Discussion
Gene regulation in higher eukaryotes frequently involves physical interactions between genomic sequence elements that are tens of kb apart on the same chromosome (Carter et al., 2002; Spilianakis and Flavell, 2004; Tolhuis et al., 2002) . At the maize b1 locus, multiple repeats ~100kb upstream of the transcription start site (TSS) are required for high b1 expression, suggesting long-range interactions are involved in regulating b1 expression. In this paper, using the 3C technique (Dekker et al., 2002; Tolhuis et al., 2002) , we show that several physical longdistance in cis interactions at the b1 locus, resulting in a multi-loop chromatin hub, play a role in regulating b1 expression. We obtained evidence suggesting that multiple regions, previously not characterized as regulatory, are involved in the regulation of b1 expression.
3C analysis of the maize b1 locus indicated the occurrence of tissuespecific and expression level-specific interactions over distances up to 110kb. The TSS region interacts with the hepta-repeat region ~100kb upstream and this interaction is tissue-specifically regulated; it was frequently observed in both B-I and B' husk tissue, and much less often in inner tissue. This interaction is in part expression-level dependent, since the interaction frequency was higher in high expressing B-I than in low expressing B' husk tissue. Interestingly, additional expression level-specific interactions were also observed. Regions ~107kb, ~47kb, ~15kb upstream of the transcription start interact with the TSS region exclusively in high expressing B-I husk tissue. This indicates that besides the hepta-repeat, the ~110kb b1 locus contains more regulatory sequences controlling b1 expression. FAIRE analysis supports that: in high expressing B-I husk, these regions indeed contain active regulatory sequences. Recombination experiments had previously hinted that additional regions are involved in the regulation of b1 expression, but these regions had not been fine-mapped (Stam et al., 2002b) . Our current data provide good indications where these regulatory regions are localized. We propose that the multi-loop conformation formed between regions ~107kb, ~47kb, ~15kb, the hepta-repeat and the TSS of b1 is required to achieve high b1 expression in B-I. The formation of a single, less stable, loop between the TSS region and the heptarepeat in B' husk tissue is not sufficient for high b1 expression. It is important to realize that chromatin looping is a dynamic process . Consequently, at a specific point in time, the exact conformation will differ between the homologous chromosomes and between different cells. Since cells are fixed by formaldehyde in the process, the outcome of the 3C data reflects an average structure in a pool of cells.
An intriguing aspect of three of the regions associated with high expression, is the presence of repeated sequences (Fig. 1a) , in a direct (~100 kb and ~47 kb upstream) or inverted orientation (~15kb upstream). It is tempting to speculate that structural features can mediate the physical interactions associated with high b1 expression. Multiple repeats are required for high b1 expression (Stam et al., 2002b) and appear necessary for a frequent interaction between the TSS and repeat region (Figs. 2 and 3 ). Our data is in line with results reported by others showing that the presence of repeated sequences in enhancers and other regulatory elements can influence transcription Greene et al., 2007; Romney et al., 2008; Shadley et al., 2007) .
Expression at the b1 locus is epigenetically regulated. ChIP analysis indicated that tissue-specific enhancement of B-I expression in husk is associated with nucleosome depletion and H3 acetylation at the hepta-repeat (Haring et al., submitted) . Tissue-specific nucleosome depletion indicates the binding of protein (e.g. enhancer) complexes. A tissue-specific transcription factor (TF), present in husk but not in inner tissue, was postulated to mediate the tissue-specific regulation at the hepta-repeat (Haring et al., submitted) . We propose that the hypothesized tissue-specific TF, or an associated factor, mediates the tissue-specific looping observed between the TSS region and the hepta-repeat (Fig. 5a) .
The higher interaction frequency in B-I husk compared to B' husk might indicate that this interaction is maintained longer and/or more effectively in B-I husk tissue, perhaps thanks to the binding of enhancer complexes or the typical B-I heptarepeat chromatin structure. Looping of the regulatory regions with their TFs consequently results in a high local concentration of enhancer complexes and TFs at the TSS region. In turn, these can recruit chromatin-modifying proteins such as histone acetyltransferases. We hypothesize that the combined action of these proteins enhances b1 expression (Fig. 5) . At the B' hepta-repeat, silent chromatin marks, DNA methylation and H3K27 dimethylation are present in all tissues monitored. Aside from this tissue-independent regulation, limited nucleosome eviction occurred and H3K9 dimethylation was monitored at the B' hepta-repeat only in husk tissue. We speculate that silent chromatin structure at the B' heptarepeat attracts silencing proteins, and at the same time prevents the binding of proteins involved in transcriptional activation. This is reminiscent of data showing that DNA methylation of enhancer sequences negatively affects the binding of transcription factors or response elements (Okino et al., 2006; Raspaglio et al., 2007) . We hypothesize that tissue-specific interaction between the hepta-repeat and the TSS is mediated by the same TF postulated for B-I (Haring et al., submitted) , but as a result of the silent chromatin state at the B' hepta-repeat, this interaction does not lead to transcriptional enhancement of b1. We hypothesize that the low b1 expression level in B' husk is the result of a balance between activation and silencing of b1 transcription. The hepta-repeat tissue-specifically interacts with the TSS region regardless of the hepta-repeat chromatin structure and this interaction is mediated by a transcription factor (TF). A blown-up part of the heptarepeat is shown in the cartoons.
(a) Tissue-specific, multi-loop formation at the B-I epiallele. The enhancer function of the B-I heptarepeat is tissue-specifically activated by binding of a transcription factor (TF) and proteins with nucleosome displacement, histone acetyltransferase and enhancer activity (activation complex). The activated enhancer interacts with the TSS region and this interaction is mediated by the TF. Regulatory sequences ~107kb, ~47kb and ~15kb upstream of the TSS interact with the TSS and hepta-repeat as well, resulting in the formation of a multi-loop structure that mediates high b1 expression levels in B-I husk. (b) Tissue-specific, single loop formation at the B' epiallele. The B' hepta-repeat is DNA and H3K27 methylated, resulting in a repressed chromatin structure. In husk tissue, the binding of the TF and proteins with limited nucleosome displacement and H3K9 methyltransferase activity reinforce the silent state of the hepta-repeat. This inactive chromatin structure interacts with the TSS region mediated by the TF, and this is associated with a low expression level in B' husk.
The 3C findings in this paper are consistent with previously described looping models of promoter-enhancer interactions (Liu and Garrard, 2005; Spilianakis and Flavell, 2004; Tolhuis et al., 2002; Vernimmen et al., 2007) . In the Active Chromatin Hub (ACH) model proposed for the ȕ-globin locus, a locus control region and several hypersensitive sites spatially cluster together with the active globin genes (deLaat and Grosveld, 2003; Tolhuis et al., 2002) . Similarly, we propose that the interaction between the hepta-repeat and TSS region is stabilized in high expressing B-I husk by the participation of regions ~15kb, ~47kb and ~107kb upstream in the multi-loop structure, forming an active chromatin hub. It depends on the chromatin that interacts with the TSS, active or silent, whether enhancement of b1 occurs or not. The stability of the interactions is likely to depend on the affinity of the proteins bound to the DNA elements and to each other. We propose that the expression-level specific interactions reinforce the interaction between the heptarepeat and the TSS region, stably maintaining a high expression level in B-I husk.
To fully understand the epigenetic regulation of b1 expression levels, the identification of proteins implicated in the physical interactions at the b1 locus is essential. This will be a challenging job in future research. We speculate that there are proteins that trigger the tissue-specific regulation, proteins that mediate the tissue-specific looping between the hepta-repeat and the TSS region, and proteins that are required for the recruitment of the other cis-regulatory regions into the expression level-specific multi-loop structure. Another interesting question is the order of events. Is looping a random process, or are the various loops formed in a sequential manner, and does this affect gene expression? What is the actual function of the interactions with sequences ~107kb, ~47kb and ~15kb upstream of the TSS? Transgenic experiments, analyzing the contribution of each regulatory region to the expression level of b1 will provide insight into the functionality of each interaction. Knowing the effect on expression of each region separately or in combination with the other regions will be essential for unraveling the underlying mechanisms of epigenetic regulation at the b1 locus.
Materials & methods
Plant stocks and tissues
The plant stocks containing the b1 alleles examined (B-I, B' and B-615) were obtained from V.L. Chandler (University of Arizona, Tucson, USA) and were grown in a greenhouse. The B-I and B', but not B-615, plants had dominant functional alleles for the anthocyanin biosynthetic genes required in vegetative plant tissues. For inner stem tissue we used the young sheaths and leaves surrounding the shoot meristem of five to six week old plants. For husk tissue we used the leaves surrounding the maize corncob, whereby the tough, outer leaves were discarded. Depending on the amount of daylight, husks were harvested when the plants were between two and three months old, before silks appeared; the actual corncobs were between three and six cm long.
Cloning and sequence analysis of B-615
The B-615 single copy 853bp and its flanking sequences were amplified using primers M14 and M80 (see Table S1 ). The 1257bp PCR fragment was cloned into pGEMT-easy (Promega, Madison, USA) and multiple, pooled clones were sequenced. For sequence see Figure S1 .
RNA blot analysis
Total RNA was isolated from liquid N 2 -ground plant tissue using the TRIzol method (Invitrogen). To this end, material was collected from the same tissues used in the 3C and FAIRE analyses. For RNA blot analysis, 10 ȝg RNA was separated on a formaldehyde agarose gel in 1X MOPS (0.2M 3-CNmorpholinol propane sulfonic acid, 50 mM natrium acetate, 10mM EDTA, pH 7). Next, the RNA was transferred to Hybond-N+ membrane (Amersham Biosciences) by overnight capillary blotting using 10mM NaOH. The following day, the RNA was fixed to the membrane by UV crosslinking (0.120 J; Stratalinker). The RNA blots were hybridized essentially as described in Stam et al. (Stam et al., 1997) using probes recognizing the coding regions of the booster1 (b1) or the S-adenosyl-methionine decarboxylase (Sam) gene. The probes were generated by PCR (see Table S1 for the primers used) using plasmid DNA as template. For the b1 gene, a B-Peru cDNA clone was used (Radicella et al., 1991) . For Sam, pML17 was used. pML17 was generated by PCR amplification of part of the Sam coding region with primers M854 and M855 (Table S1 ), followed by cloning of the fragment into pGEMT-easy. The results were visualized, and the relative band intensities quantified using a phosphorimager and ImageQuant software (Storm, GE Healthcare).
Chromosome Conformation Capture -3C 3C analysis was basically performed according to the method described in (Hagege et al., 2007) , but with plant-specific adjustments (Louwers et al., chapter 2 of this thesis). In short, maize tissue was crosslinked using formaldehyde and nuclei were isolated. Overnight BglII digestion was followed by ligation in a large volume and overnight de-crosslinking. Next, the DNA was phenol-chloroform extracted and precipitated. Realtime PCR quantification of ligation products was performed on an Applied Biosystems 7500 Real-Time PCR System, using Platinum Taq (Invitrogen) and double-dye oligonucleotides (5' 6-FAM and 3' TAMRA) TaqMan probes (Applied Biosystems). In case of AT-rich sequences, MGBTaqMan probes were used (5' 6-FAM and 3' MGB, Applied Biosystems). Primer and probe sequences are listed in Table S2 . The following PCR program was used: 10 min at 95 °C, 45 cycles of 15 s at 95 °C and 90 s at 60 °C. To account for differences in quality and quantity of DNA templates, data were normalized to interaction frequencies measured at the Sam locus using the following formula: Enrichment = 2
) . For each genotype and tissue, 3C-qPCR was performed on 4-8 different plants. For each normalized data point the mean and standard error were calculated.
3C Control templates
To correct for differences in quality and quantity of the template, an internal control was required. To this end, the ligation product of an unrelated locus is used in the normalization of the qPCR data. S-adenosylmethionine decarboxylase (Sam) was identified to fulfill the required criteria (Dekker, 2006) . It showed a similar expression level in all tissues examined (RNA blot analysis in Fig. 1b) , indicating it adopts the same spatial configuration in these tissues. Sequences derived from database searches suggested that sufficient (five) BglII sites were present in the available Sam sequence. To verify the presence of BglII sites at the Sam locus in the genetic background we are using and to accurately design 3C primers and a TaqMan probe, 300bps surrounding each BglII site were cloned and sequenced. In our search for a suitable internal control, a variety of bioinformatics tools and websites were used: electronic northern data (http://www.maizearray.org/maize_digital_northern_search.shtml) were combined with data from Highly Expressed Gene Finder (http://www.maizearray.org/maize_dn_by_tissue_search.shtml) and data from Fernandes et al. (Fernandes et al., 2002) . To obtain sufficient sequence information, GSS BLAST (http://www.maizegdb.org/blast.php), MAGI (http://magi.plantgenomics.iastate.edu) and other sequence tools (http://www.maizecdna.org, http://www.genome.arizona.edu/cgi-bin/gbrowse/gbrowse, http://www.maizeseq.org) were applied.
To control for the differences in primer set efficiency during PCR amplification, a control template was required that contains all possible ligation products of the loci of interest (b1 and Sam) in equimolar amounts. The b1 template was obtained as follows: 5 ȝg pBACB'1 DNA (Stam et al., 2002b) was digested overnight with BglII, extracted with phenol-chloroform and precipitated. The pellet was washed with 70% EtOH, the DNA taken up in ligation mixture (5 ȝl ligation buffer (Roche), 5 ȝl PEG-4000, 5 ȝl ligase (Roche, 1U/ ȝl), 35 ȝl H 2 O) and incubated for 1 hour at room temperature, followed by 4 hours at 16 ºC. The ligated DNA was purified by phenol-chloroform extraction, precipitated, washed, and dissolved in H 2 O. The Sam control template was amplified from one of our 3C samples, using primer set M932 + M934 (See Table S2 for primer sequences). The amplified fragment was purified from gel, followed by a second round of PCR. The resulting fragment was once more purified from gel; the DNA concentration was determined and mixed in an equimolar amount with the b1 PCR efficiency template. Serial dilutions were made to obtain standard curves that covered the same range of qPCR signals derived from the ligation product concentrations in the 3C samples.
FAIRE analysis
FAIRE analysis was basically performed as described in (Hogan et al., 2006) , but with plant-specific adjustments. Maize tissue was crosslinked, chromatin was isolated and sonicated (Haring et al., 2007) . Approximately 1/20 th of the total sample was taken as an input sample, de-crosslinked O/N at 65°C in the presence of 2.5 ȝl proteinase K (10 ȝg/ȝl), followed by phenol-chloroform extraction and ethanolprecipitation. To the rest of the sample, an equal volume of phenol-chloroform-isoamyl alcohol 25:24:1 (saturated with 10 mM Tris at pH 8.0, 1 mM EDTA) was added, the tube was vortexed and centrifuged at 13,000 rpm (10 min, RT). The aqueous phase was transferred to a new tube and the DNA precipitated by addition of NaOAc (pH 5.6) up to 0.3 M, glycogen up to 20 ȝg/ml, and two volumes of 95% ethanol, followed by incubation at -80°C till frozen (1 hour). The tube was spun at 13,000 rpm for 45 min at 4°C, the pellet washed with 70% EtOH and air-dried. The pellet was resuspended in 10mM Tris pH 8.0 and allowed to dissolve completely by incubating a few hours at RT, followed by O/N incubation at 4°C. The isolated DNA was analyzed by qPCR using the Applied Biosystems 7500 Real-Time PCR System (primers are listed in Table S3 ). For each reaction, 1 μl DNA template was amplified using the Platinum SYBR Green qPCR supermix-UDG (Invitrogen) in a 25 μl reaction according to the manufacturer's protocol. In all experiments, input samples were taken along for every primer set used. First, data were normalized to input levels to correct for template quantity. Second, to correct for template quality, the data were normalized to FAIRE values measured for the Sam locus using the following formula:
) . For the Sam normalization, data from amplicons a till q were normalized against r; data from amplicon r was normalized against q. Each FAIRE experiment was performed on six different B-I, and six different B' husk tissues. For each normalized data point the mean and standard error were calculated. For statistical analysis, a two-tailed student's t-test was used with a 99%, 95% or 90% confidence interval. Table S1 . Primers used for cloning the 853bp B-615 sequence and for amplifying probes for the RNA blot analysis. 
